Introduction
Initial responses to exercise are characterised by an increase in cardiac output, heart rate and stroke volume, systolic blood pressure, oxygen consumption, respiratory minute volume and a redistribution of blood flow: there is an increase of blood flow to the working muscles and a decrease in renal, splanchnic, non-working muscles and in skin circulation [19, 32] . The question as to whether or not uterine blood flow is affected by the reduction of splanchnic blood flow has been investigated in only a few studies in the human. By measuring the clearance time of radioactive sodium (Na 24 ) injected into the uterine muscles, a decrease in uterine blood flow during short-term bicycle exercise was found [26] . Recent studies using the Doppler technique for assessing the uteroplacental blood flow did not detect blood flow velocity changes after maternal exercise [25, 34] . The aim of this study was the evaluation by Doppler sonography of blood flow velocity and waveform changes after exercise not only in the uteroplacental circulation, but also in fetal (umbilical) and large maternal vessels (femoral artery and vein, carotid artery). To the best of our knowledge the relation of uteroplacental, femoral and cerebral blood flow after leg exercise had not been investigated previously by the Doppler technique in pregnant women.
Material and methods
Thirteen women (8 primiparous, 5 multiparous) gave their informed consent to participate in the study. The median age was 30 years (range 23 to 40), median weight 70 kg (range 57 to 108), median prepregnancy weight 57 kg (range 48 to 94) and median height 166 cm (range 153 to 181). All women were healthy, untrained, nonsmokers with uncomplicated pregnancies. Median gestational age at the time of the exercise test was 38 weeks (range 36 to 40), at the time of delivery 40 weeks (range 39 to 41) and the median interval between the exercise test and delivery was 14 days (range 1 to 31). All women gave birth to healthy children with Apgar scores at 5 minutes of > 8, normal umbilical cord pH (median value 7.31, range 7.21 to 7.41) and birthweights above the 10th percentile (median weight 3370 g, range 2910 to 3950).
The exercise test was performed in a sitting position on a bicycle ergometer connected to a chair seat. During cycling, the back rest was 60 degrees above the horizontal. For the Doppler measurements the back rest was 40 degrees above the horizontal and the patient in a left-semirecumbent position to avoid a hypotensive syndrome.
Doppler measurements were performed with a duplex system (Acuson Model 128, Acuson Computed Sonograph, Mountain View, California, USA). Details of the pulsed Doppler equipment and of the technique of the examination of large maternal vessels have already been described [3] . In the femoral and carotid arteries, peak velocities (systolic and end-diastolic, and for the femoral artery also postsystolic -see figure) were calculated over an average of 4-6 cardiac cycles. Time average of mean velocity (TAV mean) was calculated 3 -5 times over 5 seconds for the arterial vessels and over 8 sec-onds in the femoral vein. The femoral vein diameter was determined from several randomly made B-mode images in a longitudinal scan. Diameter measurements of femoral and carotid arteries were made by measuring the vessels' systolic and diastolic diameters with the M-mode technique in a longitudinal scan from 5 different subjects of comparable gestational age since Doppler and vessel diameter measurements could not both be carried out simultaneously.
Uteroplacental circulation was examined on the placental side. From the Uteroplacental vessels (4 to 6 cardiac cycles) and the umbilical artery (8 -10 cardiac cycles), the resistance index (RI) [29] and pulsatility index (PI) [14] were analysed after transfering the stored Doppler signal into a Doptek spectrum analyser (Doptek Ltd, England).
Maternal heart rate was measured continuously by electrocardiogram (Cardiorespirograph Hellige, Freiburg) and systolic and diastolic blood pressures on the left arm automatically at 20-second intervals (Sphygmomanometer Dinamap, Applied Medical Research, Tampa, Florida). Fetal heart rate was calculated from the Doppler singal when analysing the umbilical artery.
The work load was 100 Watts during 3 minutes with a pedalling rate of 60 cycles per minute. Per patient, 5 exercise tests with this work load were performed in order to examine each particular vessel as soon as possible after exercise. The sequence of vessel examination and parameters analysed are shown in Table I . Values before and after exercise were tested using the Wilcoxon signed rank test. A p value < 0.05 was considered significant.
Results

Maternal heart rate and blood pressure
In each exercise test, median heart rate increased by about 50% (table I) . There was a slight increase in pre-exercise heart rates throughout the examination. Both systolic and diastolic blood pressures increased after each exercise test (table I). 
Carotid artery
Median heart rate at the time of analysing the carotid artery velocity and waveform was 117 bpm (range 100 -133). Mean blood flow velocity did not change (table II) . The increase of systolic and decrease of end-diastolic velocities led to an increase in resistance and pulsatility indices. Before exercise, the median systolic diameter was 6.1 mm (range 5.7 to 6.4), the median diastolic diameter, 5.3 mm (range 5.2 to 5.8); after exercise the median systolic diameter was 6.3 mm (5.8 to 6.4), and the median diastolic diameter 5.4 mm (range 5.3 to 5.8). The differences are not statistically significant.
Femoral artery
At the time of analysing the femoral artery blood flow velocity and waveform, the maternal heart rate was 125 bpm (range 98 to 131), and the mean velocity was still 10 times higher than before exercise (table II) . Systolic and end-diastolic velocities increased significantly (figure 1).
Postsystolic flow velocity, which was reversed before exercise, became positive. The median systolic diameter was 7.9 mm (range 7.5 to 8.2) before and 7.8 mm (range 8.2 to 8.1) after exercise. The median diastolic diameter was 7.4 mm (range 6.9 to 7.7), respectively 7.3 mm (range 6.5 to 7.6).
Femoral vein
Mean velocity immediately after exercise was three times higher compared to the pre-exercise value. After exercise, the mean velocity returned quickly to pre-exercise levels: the median value after 1 minute was 0.15 m/s, after 2 minutes 0.09 m/s. The median diameter before exercise was 13.5 mm (range 10.9 to 15.8), after exercise 15.2 mm (range 12.4 to 16.2).
Uteroplacental vessels
Median heart rate at the time of waveform analysis was 133 bpm (range 114 to 167). Neither RI nor PI showed changes after the exercise test. 
Umbilical artery and fetal heart rate
Median fetal heart rate before exercise was 133 bpm (range 114 to 166), after exercise also 133 (range 114 to 167). Both RI and PI showed a slight yet significant decrease.
Discussion
In this study each woman underwent five cycling exercise tests. After each test, one particular vessel was examined in a defined sequence. This procedure was chosen because it was our aim to achieve a Doppler sonographic examination of a vessel as soon as possible after the end of exercise. This can present difficulties even for experienced researchers using a sophisticated duplex system such as Acuson 128, which allows simultaneous recording of Doppler shift and Bmode imaging and thus control of correct positioning of the sample volume and optimal angle adjustment. In this way maternal vessels were able to be examined with heart rates still above pre-exercise levels. All participating women had uncomplicated pregnancies and gave birth to healthy children. At rest, blood flow velocity waveforms from the umbilical artery and uteroplacental vessels described by the resistance index (RI) [29] and the pulsatility index (PI) [14] were within normal limits for gestational age [3, 5, 11, 16, 36] . Each exercise test resulted in a significant increase of the maternal heart rate by more than 50% of the median value compared with the pre-exercise value. Median peak heart rate at the end of exercise corresponds approximately to 60% of Vo 2 max [2] . Median systolic and diastolic blood pressures increased. In nonpregnant adults, systolic blood pressure and heart rate increase with increasing work load and duration of exercise, whereas diastolic blood pressure remains unchanged [32] . In general, pregnant women show the same cardiovascular responses [1, 30, 37] . However, an increase of diastolic blood pressure was also noticed in another study [28] . In our study, exercise-induced blood flow velocity and waveform changes were greatest in the femoral artery. A marked increase was found in mean velocity, systolic and enddiastolic peak velocities as well as a disappearaeance of postsystolic reverse flow and a reversal to a positive flow. These blood flow velocity changes correlate with physiologic responses to exercise and in particular to leg exercise [23, 31, 35] . Working muscles require more energy and therefore an increased blood supply. Local metabolic factors lead to a vasodilatation of the resistance vessels of the muscles and a drop in peripheral vascular resistance. These changes in muscle blood flow lead to changes in blood flow velocity and waveforms. Basically, blood flow velocity changes are proportional to volume flow changes if the crosssectional area of the vessel remains unchanged [12] . Measuring the diameter of the femoral artery with the M-mode technique, we could not find significant exercise-induced changes in femoral arterial diameter. It can thus be concluded that the increase of mean velocity correlates with the increase in leg blood flow.
Exercise-induced changes in myocardial contractility and stroke volume lead to an increase in systolic maximum velocity. The diastolic part of the blood flow velocity waveform is mostly influenced by peripheral vascular resistance or impedance. Both the increase in end-diastolic flow velocity and the reversal of postsystolic flow above the zero line are very sensitive indicators for the drop in peripheral vascular resistance.
To maintain diastolic filling and left ventricular cardiac output in exercise, venous return must be increased. In our study an increase was found both in the mean velocity and -though not significant -in the diameter of the femoral vein. Particularly in the standing and sitting positions, hydrostatic forces must be overcome by the venous return. In exercise, venous return is increased by an increase in venous tone through the stimulation of sympathetic nerves and by the abdomino-thoracic and muscle pumps [4, 24, 32] . The importance of the latter is underlined by our study, where we found a rapid decrease of venous flow velocity after the end of leg exercise.
In spite of the increase in femoral blood flow and a decrease in peripheral vascular resistance in the leg, we could not detect any changes in uteroplacental blood flow velocity using dimensionless and almost angle-independent indices such as RI and PI. These results are in agreement with two previous studies, in which uteroplacental blood flow was examined by the continuous wave Doppler technique. In one study, after stationary bicycle exercise, no change in blood flow expressed by the relation of systolic to end-diastolic maximum velocity (A/B Ratio) was found [25] . In the other study, treadmill exercise did not lead to a change in PI [34] .
Indices such as RI and PI are dependent on heart rate and decrease with increasing heart rate. Considering the utero-placental blood flow velocity waveform, we believe that this effect is of minor importance yet it is striking that the results of these Doppler studies are not in agreement with a study in humans published in 1956 and with animal experiments. After radioactive sodium (Na 24 ) had been injected in the human uterine muscle, a decrease in clearance time indicating a decrease in uterine blood flow during exercise was noticed [26] . That study, however, has been criticised because it used a supine position. Although some animal experiments (ewes, goats) showed unchanged uterine blood flow [9, 27] , most investigations showed a decrease in uteroplacental blood flow proportional to the level and duration of exercise [6, 7, 18, 20] . Although a drop in fetal Po 2 was noticed [6, 10, 21] , certain compensatory mechanisms counteract the reduction in blood flow. These mechanisms include a redistribution a blood flow within the uterus favoring placental over nonplacental blood flow [9, 18] , an increase in uterine oxygen extraction and thus maintainance of uterine oxygen consumption [6, 7, 10] and an increase of hemoglobin and hematocrit within minutes after exercise begins, thus improving oxygen supply to the uterus [6, 29] . The latter mechanism also occurs in humans within a few minutes [15] , Rather difficult to interpret are our findings of a decrease in resistance in the umbilical artery. The decrease in PI and RI is small but significant. In animal experiments, umbilical flow either was reduced [7] or remained unchanged [21] . Fetal heart rate (FHR) did not change. Most of the exercise studies show either no changes or a slight increase in FHR after exercise [8, 22, 28] .
The effects of exercise on cerebral blood flow have been investigated with different methods in non-pregnant adults. In most of these studies, no changes could be observed [13, 17, 33, 38] . Our findings of constant mean velocity and unchanged diameter are in agreement with these studies. We did, however, note an increase in cerebrovascular resistance, as another study also did [13] . Our results show that cerebral blood flow seems to be constant in pregnant women as well, despite an increase in systolic blood pressure.
In summary, the Doppler technique has made it possible to assess the effect of maternal exercise on fetal and maternal circulation. This study has shown that although leg exercise leads to a drop in vascular resistance and an increase in flow to the legs, uteroplacental blood flow seems to be unaffected after short-term moderate exercise.
Abstract
The aim of this study was the evaluation by Doppler sonography of blood flow velocity and waveforms in maternal (Femoral artery and vein, carotid artery, uteroplacental) and fetal (Umbilical artery) vessels before and after exercise. Thirteen healthy women with uncomplicated pregnancies (and outcomes) participated in the study between the 36th and 40th gestational week. Each proband underwent 5 exercise tests in a sitting position on a bicycle ergometer with a work load of 100 Watts during 3 minutes. The Doppler measurements were performed with Acuson 128. In the femoral and carotid arteries, peak velocities (systolic and enddiastolic, and for the femoral artery also postsystolic) as well as the mean blood flow velocities were measured. Mean blood flow velocity was also measured in the femoral vein. For the measurements of the arterial diameters, the M-Mode technique, for the femoral vein diameter, the B-Mode technique was used. The uteroplacental and umbilical blood flow waveforms were analysed by the Resistance and Pulsatility Indices.
The maternal heart rate as well as systolic and diastolic blood pressures increased after each of the exercise tests. The mean blood flow velocity increased in both the femoral artery and vein while the vessel diameter remained constant. In the carotid artery, however, the velocity remained constant. An analysis of the velocity waveforms for the femoral artery showed in increase in the systolic and end-diastolic velocities as well as a reverseal of the post-systolic flow, where the velocity is negative in a state of rest. There was no change in the uteroplacental velocity waveform. In the carotid artery, an increase in resistance was seen, and in the umbilical artery a decrease. Physical exercise leads to a redistribution of the blood flow. The blood flow to the working muscles increases at the expense of that to the inner organs. In animal experiments, uteroplacental blood flow decreases during exercise. In our study, however, there was no change found in the uteroplacental circulation although there was a sharp increase in the blood flow in the lower extremities. The absence of any changes in the fetal heart rate and umbilical blood flow velocity waveform indicates that there is no risk to the fetus. In summary, it can be said that no adverse effects on fetal and uteroplacental circulation were noted during moderate physical exercise in uncomplicated pregnancies. Uexercice physique entraine une redistribution des flux sanguins. Le debit sanguin s'eleve au niveau des muscles actifs aux depens des organes internes. Au cours des experimentations animales, le debit sanguin utero-placentaire diminue pendant Fexercice.
Keywords
Toutefois dans notre etude, on n'a pas trouve de modification au niveau de la circulation utero-placentaire bien qu'il y ait une elevation aigüe du debit sanguin au niveau des extremites inferieures. Uabsence de tout changement du rythme cardiaque foetal et des ondes de velocite sanguine ombilicale indique qu'il n'y a pas de risque pour le foetus. En resume, on peut dire qu'on n'a pas note d'effets nocifs sur la circulation foetale et uteroplacentaire au cours de l'exercice physique modere a cours des grossesses non compliquees.
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